Understanding the behavior of vitamin E adsorption during chromatographic separation was useful for a better control of the process. In this study, a pre-concentrated vitamin E fraction from palm fatty acid distillate (PFAD) was subjected to a normal phase silica-packed fixed-bed column for further purification. The effect of various operational parameters i.e. column bed height, vitamin E inlet concentration, column temperature and flow rate on column performance were detailed. It appeared that the breakthrough curves of all systems showed a typical S-shaped profile. The service time of the column increased when increasing the column bed height, or reducing the inlet concentration, column temperature and flow rate. It was found that column efficiency in terms of adsorbent usage rate could be improved by decreasing the inlet concentration and flow rate. Decreasing the column temperature resulted in higher column capacity, suggesting that the adsorption of vitamin E on silica was an exothermic process. The Bed Depth Service Time (BDST) model described the adsorption process well, with coefficient of determination ranging from 0.92 to 0.99 and low residual sum of square (< 0.28) and standard error (< 0.35). The model could explain the characteristic operational parameters well except for the effect of flow rate in this study.
INTRODUCTION
Vitamin E is a fat-soluble natural antioxidant that protects unsaturated fatty acids of lipid containing food products against oxidative deterioration. It also plays important roles in the protection against free radical-mediated degenerative diseases such as cardiovascular diseases and cancer (Kushi et al., 1996; Nesaretnam, 2000; Pryor, 2000) . Due to its importance to food and pharmaceutical industries, many attempts have been taken to separate vitamin E from its sources, fatty acid distillates of vegetable oils. One of the methods used is fixed-bed adsorption chromatography (Top et al., 1993) . The preconcentrated vitamin E fraction dissolved in organic solvents is eluted through columns packed with silica gel, alumina or other adsorbents. Vitamin E is adsorbed to the adsorbents during the first elution. Then, second elution is needed to desorb vitamin E from the columns.
It is the overall dynamics of the packed-bed system, rather than the adsorption kinetics and equilibrium for a single adsorbent particle, which control the efficacy of the process (Ruthven, 1984) . Understanding the adsorption/desorption of vitamin E in the column is crucial to have products with high vitamin E purity and recovery, as well as to the design and management of the column. The column performance can be represented by breakthrough curves of the ratio of outlet/inlet adsorbate concentration plotted against the service time or treated volume of the column. Various mathematical models have been developed for analyzing the column performance and predicting the breakthrough curves. These models normally account for external mass transfer and/or intraparticle diffusion (Wolborska 1989; Brosillon et al., 2001) .
In another approach, by making certain assumptions and empirical correlations, simplified column designs can be applied to test the column performance over the experimental parameters (McKay and Bino, 1990a) . The BDST model is one of the simplest approaches and offers the most rapid prediction of column performance (McKay and Bino, 1990b ). The BDST model, proposed by Bohart and Adams (1920) and later linearized by Hatchins (1973) , is based on physically measuring the capacity of the bed at various percentage breakthrough values. According to the model, if the adsorption zone is moving at a constant speed down the column, the bed adsorption capacity will be constant throughout the bed (Ko et al., 2000) . Based on this assumption, the BDST model works well and provides useful modeling equations for changes in the system parameters such as flow rate and initial inlet concentration (Walker and Weatherley, 1997; Othman et al., 2001; Zulfadhly et al., 2001) . However, since this simplified design model ignores intraparticle mass transfer and external film resistance so that the adsorbate molecules are assumed adsorbed directly on the adsorbent surface, its validity is questionable (Ko et al., 2000) . Nevertheless, the BDST model has been successfully applied in describing and predicting column adsorption with various adsorbents (Murray, 1995; Walker and Weatherley, 1997; Tran and Roddick 1999.; Texier et al., 2002) .
In this work, vitamin E concentrated from PFAD was dissolved in hexane and eluted through a silica-packed fixed-bed column. The main objective was to investigate the adsorption behavior of vitamin E in the fixed-bed column. The performance of the column for adsorption of vitamin E was investigated as functions of the vitamin E inlet concentration, bed height, column temperature and flow rate, and the data fitted in the BDST model. This is a short-cut method to verify the effects of changing the system parameters on the breakthrough capacity. The results from this work provide some useful information for a better control of the column during vitamin E adsorption.
MATERIALS AND METHODS

Materials
PFAD (iodine value 52.6 g of I 2 /100 g oil; slip melting point 48.5 o C) was obtained from Golden Jomalina Food Industries Pte. Ltd., Teluk Panglima Garang, Selangor, Malaysia. Column chromatography grade silica gel 60 (diameter size, 0.063-0.200 mm; specific pore volume, 0.74-0.84 ml/g; specific area, 480-540 m 2 /g) was purchased from Merck, Darmstadt, Germany. All chemicals used were either of analytical or high performance liquid chromatography (HPLC) grades.
Pre-concentration of vitamin E
Vitamin E in PFAD was pre-concentrated as described in the previous paper (Chu et al., 2002) yielding about 1.32% of vitamin E. PFAD (25 g) was dissolved in 50 ml ethanol and neutralized using 0.5 N sodium hydroxide to the phenolphthalein end-point. Distilled water (50 ml) and 150 ml hexane were then added and the sample was shaken for 1 min. The sample was then allowed to stand for phase separation. Ethanol (5-10 ml) was added to fasten the phase separation. The hexane layer was separated in a separation funnel. The aqueous phase was reextracted with an additional 100 ml hexane for at least 4 times. The hexane extracts were then combined, washed at least three times with 150 ml portions of distilled water to remove any residual sodium hydroxide and soap, and centrifuged at 3000 g for 1 min to remove the residual water before transfer to a 500 ml round-bottom rotary evaporator flask and evaporated at 50 o C under reduced pressure. The vitamin E-rich fraction of different weight was dissolved in hexane to give solutions with various initial concentrations of vitamin E.
Adsorption column experiments
A glass chromatographic column of 15 mm internal diameter with water jacket and Teflon stopcocks was packed with silica gel. The column was filled with 5 ml hexane, before the silica gel slurried in hexane was poured into the column. As it was filled, the outside of the column was tapped gently at the top level of the packing to facilitate settling of silica gel particles, to avoid air trapped in the column, and to prevent size segregation near the column wall. One g of acidwashed sea sand was added into the column and the hexane was drained off to the level of the sea sand. The desired column temperature was maintained by circulating water from a water bath using a pump (Thermomix ME, B. Broun Biotech Corp., Melsungen, Germany) through the water jacket of the column. The column was then conditioned by passing hexane for 30 min at a flow rate of ~2 ml/min.
Column experiments were conducted by pumping vitamin E solution in down flow mode through the column using a peristaltic pump. Samples were collected periodically from the effluent for determining vitamin E concentration. For studying the effects of column bed height, the column was packed with silica gel ranging from 2.5 to 10.0 g, giving various bed heights of 2.6-10.3 cm. Flow rate was set between 1.0 and 4.0 ml/min. The inlet vitamin E concentration was ranging from 1.5 to 5.6 mg/ml, while the column temperature was varied from 35 to 45 o C.
Vitamin E determination
A known amount (0.05 g) of sample was dissolved in 2 ml hexane and 5 μl of the mixture injected into a HPLC analyzer (Waters Model 600 Controller, Milford, MA, US) equipped with an ultraviolet detector (Waters Model 486 UV Detector, Milford, MA, US). The data were processed by the Millennium 2010 Chromatography Manager Software (Waters, Milford, MA, US). The flow rate of the mobile phase (methanol:water, 95:5 v/v) was set at 1.0 ml/min. The column used was a Purospher STAR RP-18 endcapped column (Merck, Darmstadt, Germany) held at 40 o C. The tocopherols and tocotrienols were identified and quantified using external standards (Merck, Darmstadt, Germany). The total amount of tocopherols and tocotrienols was regarded as the vitamin E content (Chu et al., 2002) .
Model fitting and statistical analysis
Experimental data were fit into the BDST model using DataFit version 5.0 software (Oakdale Engineering, PA, US). Each reported value was the mean of three replicate runs.
RESULTS AND DISCUSSION
Profiles of the breakthrough curves
Figures 1a-d show the breakthrough curves, as plots of the dimensionless concentration fraction, C t /C o , against service time, t (min), of the column systems as functions of the bed height, vitamin E inlet concentration, column temperature and flow rate, respectively. C t /C o is the ratio of the vitamin E outlet concentration at t min to the vitamin E inlet concentration. Prediction of the column breakthrough or the shape of the adsorption wave front determined the operating life of the bed and generation times (Tran and Roddick,1999) . The breakthrough curves for all the systems showed the typical S-shaped profile. Initially, all the vitamin E in the solution was adsorbed on the silica gel in the column bed and the solution leaving the column had no vitamin E. However, after some time, vitamin E began to appear in the outlet solution, indicating that the column had reached its breakthrough point. The outlet vitamin E concentration continued to increase, approaching that of the inlet concentration when the column was exhausted. From each plot, a track of the adsorption wave front could be seen at the bottom of the bed, showing an increase in C t /C o with t after breakthrough until plateauing off. Figure 1a shows that the breakthrough curve became less steep and with a longer service time with increasing bed height. For the 10.3 cm column, the service time to 50% breakthrough was almost two times longer than that for the 5.1 cm column. In terms of effluent volume, 11.2 and 21.5 ml vitamin E solutions were treated by the 5.1 cm and 10.3 cm columns, respectively. A longer service time, and therefore, larger effluent volume, were attributed to the larger surface area of adsorbent in the longer column which provided more binding sites (Zulfadhly et al., 2001 ). Similar to other findings (Zulfadhly et al., 2001; Dimitrovo, 2002) , increasing the inlet vitamin E concentration shortened the column service time (Figure 1b) . The slope of the breakthrough curve also increased with the inlet vitamin E concentration. At higher inlet vitamin E concentration, the vitamin saturated the silica gel more quickly and decreased the throughput until breakthrough, resulting in a decrease in the breakthrough time. Meanwhile, since the adsorption of vitamin E on silica gel was exothermic (Chu et al., 2004a; 2004b) , increasing the column temperature decreased the service time. The slope of the breakthrough curve also became steeper ( Figure  1c) . A lower column temperature favored the adsorption of vitamin E on silica gel and hence a longer service time and column adsorption capacity. This was similar to other results with silica gel as the adsorbent (McKay and Otterburn, 1980) . Figure 1d shows that an increase in the flow rate decreased the service time of the column, and therefore the effluent volume treated. A higher flow rate decreased the contact time between the silica gel and vitamin E solution. The vitamin molecules might not have had enough time to diffuse from the surface of the silica gel particles to the adsorption sites before being pushed down the column to fresh silica gel. As a result, premature breakthrough occurred (Walker and Weatherley, 1997; Zulfadhly et al., 2001) . 
Performance of the silica gel column
The adsorption zone is the active portion of the column in which the concentration of vitamin E falls from a maximum at the top, or the column inlet, to a minimum at the bottom, or column outlet. The concentration of adsorbate at column outlet is progressively increased (Rozada et al., 2003) . For an ideal breakthrough curve expressed by plotting C t /C o against t, the adsorption zone in a fixed-bed column can be represented by the portion of the curve between the breakthrough point and the exhausted point. The breakthrough point is normally chosen arbitrarily at some low value (Walker and Weatherley, 1997; Gupta et al., 2000) , while the exhausted point is the point where the effluent concentration is close to the inlet concentration. The length of the adsorption zone, δ (cm), of a fixed bed column with a bed height, Z (cm), can be expressed as (Gupta et al., 2000) :
where t δ (min) and t x (min) are the time taken by the column to achieve the exhausted point from the breakthrough point, and the total time taken by the column to become exhausted, respectively; t f (min) the time taken by the column to the onset of breakthrough (the time for initial formation of the adsorption zone). The fractional capacity, f (dimensionless), of the silica gel in the adsorption zone is given by:
and percentage saturation by (Gupta et al., 2000) :
The contact time is another important parameter in determining the column performance. It can be expressed in terms of the Empty Bed Contact Time (EBCT, min) (Tran and Roddick, 1999; Ko et al., 2000) :
where V c , F and S c are the volume of silica gel in the column (ml), flow rate (ml/min) and cross-sectional area of the column (cm 2 ), respectively. The column performance can also be described by the adsorbent usage rate, U r (g/ml), defined as the weight of adsorbent saturated per ml of solution treated (Tran and Roddick, 1999; Ko et al., 2000; Othman et al., 2001) :
where m c and V bt represent the mass of silica gel in the column (g) and volume of the solution treated to achieve breakthrough (ml), respectively. Table 1 shows the parameters of the silica gel column by choosing a 10% breakthrough point as the treatment objective. The total time for the adsorption zone to develop completely (t x ) increased with the bed height. A similar trend was observed with t δ and t f . These times increased with the bed height, inducing a larger treated volume (Texier et al., 2002) . At the same flow rate, it took longer for the vitamin E solution to travel through the longer column. Also, the longer column contained more silica gel, and thus had a larger adsorption capacity. This lengthened the service time of the column and all the t δ , t x , and t f values increased accordingly. δ was also greatly affected by the column bed height. A longer column provided a longer path for the vitamin adsorption and thus had a higher δ.
The EBCT value, an indicator of the column adsorption capacity, increased from 9.2 to 36.4 min when the bed height increased from 2.6 to 10.3 cm. At a constant flow rate, increasing the column bed height increased the EBCT. However, the adsorbent usage rate to exhaustion tended to decrease with the increase in column bed height, indicating that the column was more efficient longer. The results were similar to those of previous findings (Tran and Roddick, 1999; Othman et al., 2001) . A larger EBCT will incur a higher capital cost for the larger column, but use less adsorbent, thus lowering the operating cost. For the optimum EBCT, an economic analysis would have to be done for the best operating cost (Ko et al., 2000) .
Increasing the inlet vitamin E concentration decreased t δ , t x and t f . The column service time for a higher inlet concentration was shorter than for a lower inlet concentration. This was to be expected because the adsorbate/adsorbent ratio in the column was higher for the system with the higher inlet concentration. The binding sites of the silica gel were occupied faster and the service time shortened. The depth of the adsorption zone increased with the inlet concentration because more adsorbate came into contact with the silica gel at any time (Zulfadhly et al., 2001) . f also showed some tendency to increase since the driving force for adsorption was higher at the higher adsorbate concentration. However, the EBCT values remained unchanged because the amount of silica gel, cross-section of the column and flow rate were constant. A proportional relationship was verified between U r and the inlet concentration. Increasing the inlet concentration from 1.53 to 5.61 mg/ml (increased 2.6 times) therefore increased U r from 0.30 to 1.15 g/ml (increased 2.8 times). Thus, U r increased almost proportionately to the increase in the inlet concentration. A lower inlet vitamin E concentration allowed the column to treat more of the vitamin solution before it became saturated and less silica gel was used. Abbreviations: t x , t δ , t f , δ, f, EBCT and U r represent time taken for adsorption zone to establish, time taken for movement of adsorption zone downwards to the column, time taken for initial formation of adsorption zone, length of adsorption zone, fractional capacity, empty bed contact time and column usage rate, respectively. All data presented were mean value of three replicate runs.
Since the adsorption of vitamin E on silica gel is exothermic, increasing the column temperature reduced the column performance. This was reflected in t δ , t x and t f , all of which decreased with the column temperature. The adsorption affinity of vitamin E molecules on silica gel was reduced and the adsorbate eluted out. As a result, the column became exhausted faster with a subsequent reduction in its service time. The treated volume was also lower at higher column temperature. The fractional capacity of the column, f, as well as the column efficiency, also decreased accordingly as indicated by the increase in U r from 0.55 to 0.68 g/ml with the column temperature raised from 35 to 50 o C. The adsorption of vitamin E on silica gel was also tested at different flow rates. When the flow rate of the column was increased from 1.0 to 4.0 ml/min, t δ , t x and t f decreased from 10.4 to 8.0 min, 6.0 to 4.3 min, and 3.2 to 3.0 min, respectively. The fractional capacity of the column was also lower as a large portion of the vitamin E molecules were eluted before they could be adsorbed. This was in accordance with previous findings Chen and Wang, 2000; Dimitrovo, 2002; Texier et al., 2002) . Since premature breakthrough occurred at higher flow rates, the service time of the column was shortened as indicated by the decrease in EBCT values. The column was used up faster, recording a higher U r which suggested lower column efficiency.
The percentage saturations for all the columns are shown in Table 1 as functions of the bed height, inlet concentration, column temperature and flow rate. Generally, the percentage saturation at 10% breakthrough was low (29 to 64%, with ~50% for most cases) compared to other findings which were up to 74% (Chen and Wang, 2000) . However, the values were only for vitamin E adsorption, and did not include the other fatty components (mainly polar partial acylglycerols) in the oil samples that were also adsorbed on the silica gel. The degree of saturation should improve by increasing the breakthrough percentage. The percentage saturation was not much affected by the bed height, although it tended to increase with the inlet concentration. The higher inlet concentration might have provided a larger driving force for adsorption and increased the column capacity. Increasing the column temperature decreased the column saturation, further confirming that the adsorption was exothermic. A lower flow rate would provide longer residence time for adsorption to occur leading to a higher saturation percentage (Tran and Roddick, 1999; Lehmann et al., 2001 ).
Model fitting of BDST
BDST is a simple model for predicting the relationship between bed depth, Z, and service time, t, in terms of the process concentration and other adsorption parameters (Bohart and Adams, 1920) :
where C b , K a , N o and F represent the predefined breakthrough vitamin E concentration (mg/ml), velocity constant (ml solution/g adsorbent), BDST capacity (mg adsorbate/g adsorbent), and flow rate (ml/min), respectively. In general, the experimental data for all the systems fitted well in the model with a high coefficient of determination, R 2 , and low residual sum of Time, t (min) ln (Co/Cb -1) 1 ml/min 2 ml/min 3 ml/min 4 ml/min square and standard error ( Table 2 ). The slope of the plot decreased with an increase in the column bed height (Figure 2a ), but increased with the column temperature ( Figure 2c ) and flow rate (Figure 2d) . Changes in the slopes of the plots were reflected in K a (Table 2 ) which tended to decrease in the longer column as in other findings (Othman et al., 2001; Texier et al., 2002) . In the longer column, the travel path for the vitamin E solution is longer and the diffusion resistance and external mass transfer resistance faced by the solution larger. The BDST capacity, N o, was 1.69 mg/g for the 2.6 cm column, and 1.39 mg/g with the column bed height increased to 10.3 cm. Thus, the ratio of adsorbate/adsorbent was lower in the longer column which decreased the density of adsorbate adsorbed per unit adsorbent. *** *** *** *** *** *** *** *** A higher adsorbate inlet concentration resulted in a lower velocity constant (K a ). In this study, increasing the inlet concentration from 1.5 to 5.6 mg/ml decreased K a from 0.37 to 0.17 ml/g, possibly due to the higher viscosity of the solution with higher inlet concentration. Meanwhile, N o tended to increase with the inlet concentration, as with Othman and co-workers' (2001) findings. This was because a higher inlet concentration provided a larger adsorption force and increased the vitamin E density in the silica gel. Another possible reason was that more vitamin E molecules passing through the column at any time increased the uptake. Meanwhile, increasing the column temperature increased K a . The higher column temperature reduced the viscosity of the vitamin E solution and increased the solution velocity constant. However, the adsorption capacity decreased at the higher temperature as the adsorption of vitamin E was exothermic. The vitamin E density in the silica gel decreased from 1.7 mg/g at 35 o C to 1.2 mg/g at 50 o C. These results were in good agreement with earlier findings.
The solution velocity constant, K a , was directly proportional to the column flow rate (Table 2 ). Other workers have reported similar results Othman 2001; Texier et al., 2002) . Many researchers (Walker and Weatherley, 1997; Othman 2001; Texier et al., 2002) reported that the high flow rate caused premature breakthrough and reduced the column capacity. However, this study showed that the BDST capacity, N o , increased with the flow rate. Zulfadhly et al. (2001) reported similar results in the biosorption of lead and cadmium. In simple explanation, this might have been due to the simplified model which ignores intraparticle mass transfer resistance and external film resistance, which, in reality, play important roles in the adsorption process along the column (Ko et al., 2000) . The resistances may have caused an uneven flow in the column at higher flow rates, which, in one way or another, gave the unexpected results.
CONCLUSION
The adsorption of vitamin E on a fixed-bed showed the typical adsorption breakthrough profile. The column breakthrough time depended on Z, 1/C o , 1/column temperature and 1/F. Generally, a longer breakthrough time indicates higher column efficiency. Therefore, to increase the column efficiency, elution should be done with a less concentrated vitamin E solution and at a lower flow rate and lower column temperature. The BDST model described the adsorption profiles well (R 2 > 0.94). K o and N o derived from the model showed well-defined trends, although the change in N o did not explain the column adsorption capacity as a function of the flow rate. time taken for the column to achieve the breakthrough point min t δ time taken for the column to achieve the exhausted point from the breakthrough point min U r adsorbent usage rate g/ml V bt volume of the solution treated to achieve breakthrough ml V c , volume of silica gel in the column ml Z column bed height cm
